Voltage-sensitive dye imaging (VSDi) enables visualization of information processing in different areas of the brain with reasonable spatial and temporal resolution. VSDi employs different chemical compounds to transduce neural activity directly into the changes in intrinsic optical signal. Physically, voltage-sensitive dyes (VSDs) are chemical probes that reside in the neural membrane and change their fluorescence or absorbance in response to membrane potential changes. Based on these features, VSDs can be divided into two groups-absorbance and fluorescence. The spatial and temporal resolution of the VSDi is limited mainly by the technical characteristics of the optical imaging setup (e.g., computer and light-sensitive device-charge-coupled device (CCD) camera or photodiode array). In this article, we briefly review the development of the VSD, technique of VSDi and applications in functional brain imaging.
INTRODUCTION
Visualization of the neural activity in vivo is an important objective in both fundamental and clinical neuroscience. There are now several optical imaging methods, based on the changes of the optical properties of the brain tissue that can be used to measure neural activity. These include intrinsic signal optical imaging, near-infrared * Author to whom correspondence should be addressed.
† These two authors contributed equally to this work.
optical imaging, functional photoacoustic tomography, optical coherence tomography and optical imaging with voltage sensitive dyes (VSDi). Here, we review a wide variety of VSDi approaches for the study of neural activities in the brain. Optical techniques enabling the description of brain function at levels ranging from single cells to neural ensembles are also introduced in this article. Understanding cortical function after neural activation allows probing into cerebral neurovascular coupling and uncoupling functions. 1 To date, many neuroimaging techniques are available to provide the information of neural circuit functions in both laboratory animals and humans. 1 VSDi is a powerful technique for studying neural circuit functions with relatively high spatial (up to 20 m) and temporal (up to tens of microseconds) resolution, comparable to electrophysiology techniques. 2 3 The first optical recordings of membrane potentials using VSDi were done more than three decades ago on the squid giant axon and in Yu-Hang Liu is currently working toward Ph.D. degree in Electrical and Computer Engineering at National University of Singapore. He received his B.S. degree from National Central University, Taiwan, in Electrical Engineering (2008). He also received his M.S. degree from National Chiao Tung University, Taiwan, in Biomedical Engineering (2010). During his Master studies, he proposed a real-time wireless system of brain computer interface (BCI) for drowsiness detection to help drivers reduce the risks of fatigue, which was based on EEG and EOG signals for long term monitoring. He has co-authored 3 journal and 1 conference papers. He is a Student Member of IEEE and EMBS. Yu-Hang's research interests include biomedical optic image, signal processing, embedded system design of biomedical application and cognitive neuroscience. Now, he is focusing on the photothrombotic stroke model to propose novel treatment based on electrical stimulation for protecting the stroke region and recovering the injured area through mechanism of collateral circulation. individual leech neurons. [4] [5] [6] Few years later, VSDi experiments were done in vivo on the mammalian neocortex. 7 A typical VSD molecule has a pair of hydrophobic hydrocarbon chains, which work as anchors on the neuronal membrane. The rest of the molecule is a hydrophilic group, which align the chromophore perpendicular to the cell surface. 8 The optical signal intensity is linearly correlated with the transmembrane voltage changes, so it allows measuring neural activity without using electrophysiological recordings. In this review article, we review VSDi and describe some of its applications in neuroscience.
BASIC MECHANISMS OF VSDi
The simplest voltage-sensing mechanism is molecular redistribution (Fig. 1) Figure 1 . Three different mechanism of the VSD optical features changes. 9 10 Redistribution (A), reorientation (B) and the direct electrical modulation of the electronic structure of the dye molecule (C).
potential causes the charged molecule to move in or out of the cell. This changes the dye concentration in the cell and subsequently fluorescence. 9 The dye molecules do not have to completely leave the cell, part of a molecule can be embedded in the membrane. 10 Another mechanism is reorientation of the dye molecule. In this case the dye molecule lies in or on the membrane with a particular orientation, determined by the interaction of the intermolecular electric fields. Usually reorientation is faster than redistribution since it does not involve a significant movement of the molecule. 10 The most effective for imaging is an electrochemical mechanism which is direct modulation of the electronic structure of the dye molecule. VSD molecules have large differences in the dipole moment of their ground state and their low-lying electronically excited states. The energies of these states are determined by the voltage and direction of the transmembrane electric field. Changes in the electronic structure lead to changes in both the excitation and emission spectra and cause changes in the light absorption or photon emission. 10 The response time is very fast in comparison to redistribution or reorientation since it only involves intramolecular charge changes, without molecular movement.
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The VSDi was done initially in mollusks: leech ganglia or the snail. 4 12 13 Moving on to the mammalian brain in vivo experiments required significant improvements in VSDi.
14 New generation of dyes was created, 15 that is absorbed away from the hemoglobin absorption peak. 1 12 13 Most in vivo studies have been made in anesthetized 16 17 and sometimes freely moving rodents. [18] [19] [20] [21] VSDi experiments on visual cortex have been performed in cats 22 and monkeys. 23 24 VSDi signals are much difficult to be measured from in vivo mammalian brain compared to in vitro targets, because of the noise from the cardiac rhythm and respiratory movements. VSDi reflects fast changes of neural activity, and requires a frame rate of at least hundreds of hertz. 25 26 The optical signal is thousands of times smaller than baseline fluorescence; therefore, a large dynamic range of charge-coupled device (CCD)-camera is muchneeded. Large number of photons must be recorded during a short period due to the speed (milliseconds) of the neuronal pulse to achieve a sufficient signal to noise ratio (SNR). 25 26 Ideal functional brain imaging would be minimal invasiveness and a large area of investigation in vivo. One potential way for realizing this goal is incorporating fluorescence imaging system with complementary metaloxide-semiconductor (CMOS) implantable image sensors. This system has been developed and described recently. 18 In spite of authors using relatively low signal-to-noise ratio VSD (RH795), the data recorded in the rat somatosensory cortex area is comparable to those obtained with electrophysiology. 27 
PHYSICO-CHEMICAL BASIS OF VSD
An alternative imaging technique is based on the fluorescence resonance energy transfer (FRET). This technique employs two molecules: the acceptor and the donor. 28 A donor molecule, initially in its electronic excited state, transfers energy to an acceptor molecule through dipoledipole coupling. 29 Tsutsui et al. developed a novel sensor, named Mermaid, that shows 40% changes in emission ratio per 100 mV, allowing for direct visualization of membrane potential 29 and improved signal to noise ratio. In regards to in vivo functional brain mapping studies, the VSD signal is related to the stained membrane area. Fluorescence mainly originates from the neuron's dendrites and axons but not from the soma. Dendrites frequently extend across large cortical areas, so the optical activity pattern is usually larger than the center of the neural activity, which must be mentioned during data analysis. 30 Usually in VSDi animal experiments the skull must be opened and the dura mater removed above the recording site, but in some cases, especially in experiments with young rodents, the cerebral dura mater can be left intact.
VSDi needs a special optical system usually called "fluorescent microscope" equipped with a large field of view and relatively long focal length (Fig. 2) . Both temporal and spatial resolution of the system is determined, mainly, by CCD camera or photodiode array. 31 2-photon microscopy, in combination with VSDi, can increase spatial resolution, 32 but due to the limitation of scanning, the temporal resolution of this combination technique is quite limited. Several efforts have been made to develop organic VSDs to improve image contrast (Fig. 3) . VSDs can be used for direct imaging of cellular membrane potentials, and functional mapping studies in awake mammals.
The key point for visualization of neural activity is not only the experimental setup, but the dyes themselves. Currently, several research groups are actively working on synthesizing new organic VSDs. 7 8 12 13 The relative response ( F ) to electrical activity in mammalian brains for these proposed dyes is about 10 −3 , which is enough to visualize neural activity after averaging and/or noise removing. Another team, led by Peter Fromherz developed the organic VSD family, called "ANNINE." 33 The dye molecule has a double positively charged chromophore and two bromide counter ions, as well as styryl-type VSD. 8 33 This probe exhibits high solubility, a strong membrane binding, and a high voltage-sensitivity in neurons (Fig. 4) . However, many of the organic molecules based chromophore at this time does bear from serious chemical and photophysical liabilities, such as fluorescence self-quenching and photo-bleaching which can affect the accuracy of FRET measurements. 34 Other limitations include short-term aqueous stability, broad redtailed emission spectra via small Stokes shifts, and short Figure 3 . Examples of the different types of organic VSDs. 7 8 12 13 excited state fluorescent lifetimes. To tackle these limitations, more robust chromophores are being developed.
Simultaneous recording of the activity of many neurons over long periods of time is important in studies of neural networks. The suitability of the two VSDs, RH795 and Di-4-ANEPPS for recording neural activity of the stomatogastric nervous system of crustaceans within 24 h was achieved recently. 35 These authors concluded that both dyes provided sufficient signal-to-noise ratio for recording of the neural activity in vivo, but Di-4-ANEPPS displayed a higher signal quality, while RH795 showed weak and slowly developing phototoxic effects and bleaching. In other words, Di-4-ANEPPS is better for fast experiments that require higher signal intensity, in contrast, RH795 is more suitable for long-term experiments. 35 Moreover, the new quantum dots technique provides a new opportunity for brain neuroscience research. The use of semiconductor nanocrystals (quantum dots) as fluorescent labels for multiphoton microscopy enables multicolor imaging in complex brain tissue. Quantum dots, however, are not applicable for the VSDi but works perfectly for fluorescence angiography probe, cell tracking and detection of the antibodies. 50 Quantum dots, semiconductor nanocrystals, are a class of chromophore that has enabled important advancements in fluorescence imaging, 36 37 because they display many superior optical qualities desired for imaging applications, and are useful for both single-and multi-color experiments. Size of quantum dots generally ranges from 2 to 10 nanometers (Fig. 5) . Their emission profiles are independent of excitation wavelength and across the visible spectrum (Fig. 5) . [38] [39] [40] [41] [42] [43] The high quantum yield, the size-tunable nature and narrow emission profiles accompanied with quantum dots are the major advantages that arise from their unique core/shell architecture. 36 The number of pixels with the value of fluorescence signal more than 90, 80, 70 and 60% of the maximum has been counted. 8 33 gap. This core material is enveloped within a shell coating that consists of a different semiconductor material of higher band gap. This core-shell architecture can curbs excitation and emission to the core to increase the luminescence quantum yield of the core emission and reduce photo-bleaching from the core. 36 39 45-47 While toxicity of inorganic semiconductor materials and nanoparticle continues to be an area of debate, [48] [49] [50] [51] [52] numerous studies reported modified quantum dots with limited cytotoxicity. Moreover, substantial effort has gone into developing different coatings to render quantum dots biocompatible (Fig. 6) . [53] [54] [55] [56] [57] [58] Due to robustness of the optical properties of quantum dots, they are desirable for a wide range of in vivo studies, immunoassays, cell tracking, and FRET. 54 55 57 59-73 The most recent development is the study of quantum dots for neuronal voltage sensing. 63 A number of biocompatible surface chemistries have been developed to deliver quantum dots to cells. 42 These surface modifications making quantum dots allow specific localization inside or adjacent to cellular membranes. Meanwhile, the membrane simulations also envisage that localization of quantum dots inside a bilipid layer can be a free-energetically favorable process with appropriate surface modification. Quantum dots are also reported to have voltage-sensitive optical properties (Fig. 7) , including emission spectral broadening, red shifting and decreased intensity of emission peak. [74] [75] [76] [77] [78] Quantum dots have greater cross sections for one-and two-photo absorption than those of fluorescent proteins or voltage-sensitive dyes in which far larger cross sections are an important factor to facilitate voltage detection, suggesting quantum dots can be a new class for VSD development. Moreover, according to the signal detection theory, quantum dots can be used in reporting voltage dynamics with millisecond precision in neurophysiological conditions. 78 These results reveal potential avenues for imaging spiking dynamics in neural networks by using quantum dots as VSD. Undoubtedly, quantum dots will also open new avenues of research and continue the development of nanoparticles based probes for VSDi that will truly revolutionize neuroscience research.
Physiological side effects of two very common VSD are RH-1691 and di-4-ANEPPS. For future in vivo research, it is noteworthy that di-4-ANEPPS doesn't change local field potentials while RH-1691 cause increases in SEP amplitude for several hours. On the other hand, neither probe influences the spontaneous neural activity in the neocortex. 79 80 Over the past decades, new genetically encoded optical voltage sensitive fluorescence proteins (VSFP1) have evolved. [81] [82] [83] [84] [85] The first generation of VSFP was shown to optically report changes in the membrane voltage but its application in mammals was limited by their poor membrane targeting. 86 87 The second generation of voltage-sensitive proteins (VSFP2) was developed by Tomas Knopfel's team. 85 The same team generated a third VSFP generation: VSFP3 so-called monochromatic fluorescent probes. 81 82 88 
VSDi IN NEUROSCIENCE
The application of VSDi in the modern neuroscience is rather large since a fast neural activity is of great importance. In clinical practice as well as in animal experiments, positron emission tomography (PET), functional magnetic resonance imaging (fMRI), 89 near-infrared spectroscopy (NIRS), 90 optical coherence tomography (OCT) and photoacoustic (PA) imaging [91] [92] [93] have all been used to locate centers of the neural activity. Nevertheless, all of these methods have advantages as well as disadvantages. Within the last few decades, VSDi have been successfully used for the functional mapping of the visual cortex. 12 13 94 Thus, an implantable metal-oxide-semiconductor (CMOS) sensor with light-emitting diodes (LED) and optic filter was developed 27 and the neural activity in the visual cortex was visualized in awake mouse in real-time.
Recently, visual information encoding was studied in the cat visual cortex with VSDi. 22 Authors discovered that the neurons in area 18 code at least two different signals, while the proportion of these two signals vary dynamically as a function stimulus property. 22 VSDi has been successfully employed in investigating the propagation of neural activities elicited by intracortical microstimulation (ICMS) in areas 17 and 18 of the cat visual cortex. 95 ICMS-evoked activity and subsequent propagation has been visualized in the visual cortices contralateral as well as ipsilateral to the stimulation and patterns were consistent with anatomical connections. 95 During the last decade, the primary visual cortex was extensively studied by imaging methods with different types of stimuli, yet not much is known about encoding of visual information. Recently visual image encoding was studied using VSDi in behaving monkeys by recording the population response evoked in V1 by the presentation of the natural images during a face/scramble discrimination task. 96 Authors reported that the population response showed two phases: (1) , that was spread over most of the area of the recording, and (2), which was spatially confined. 96 These experiment results present a spatial encoding of low-and high-level features of visual images in the V1: the low level is correlated to the image's basic local attributes and the high level is related with the perceptual outcome of the visual image processing. 96 Neural responses in response to collinear or orthogonal arrays of Gabor patches have been visualized by the VSDi imaging in the awake monkey. 24 Using VSDi, they imaged the neural population responses in V1and V2 areas in fixating monkeys while they were also presented with collinear or orthogonal arrays of Gabor patches. 97 Authors found that collinear effects are mediated by synchronization in a distributed network in V1 and V2. 97 To investigate the neuronal mechanisms of perception, the Delivered by Publishing Technology to: Editor in Chief IP: 137.132.250.14 On: Thu, 06 Mar 2014 10:07:09 Copyright: American Scientific Publishers Figure 6 . In vivo quantum dot excretion is size-dependent. Cysteine-coated ZnS-capped CdSe QDs with a hydrodynamic diameter 5.5 nm were able to pass through the kidney into the bladder for excretion in the urine [53] [54] [55] [56] [57] [58] Shown are fluorescence (bottom) images of surgically exposed CD-1 mouse bladders following injection of different size quantum dots. Reprinted with permission from Ref. neural population responses of the V1 were visualized by VSDi in the monkey trained on a contour-detection task. 98 Authors observed that the early responses showed activation patches corresponding to the individual visual elements while late responses showed contour elements. It was concluded that these opposing responses in the contour and background might underlie perceptual processing in V1. 98 The activity patterns in V1 reflect the location of visual elements in the retina. It is still questionable whether this organization contributes to image recognition. 99 VSDi Figure 7 . Quantum dots show a red shift in fluorescence peak and decrease in fluorescence intensity in response to applied electric fields. [74] [75] [76] [77] [78] was applied in behaving monkeys to investigate whether the structure of V1 population responses influences shape judgments. 99 Authors used a computational model to design visual stimuli that had the same shape, but were predicted to evoke different responses in the V1, and this prediction was confirmed by VSDi. It was concluded that the activity patterns of neural responses in the V1 contributes to visual perception. 99 The transfer of visual information from V1 to the higher level of the visual cortex is still poorly understood, 100 but recently spatiotemporal dynamics of the neural activity elicited in the mouse V1 by the presentation of simple visual stimuli was studied by VSDi. 100 It is reported that V1 activation is rapidly followed by the activation of three functional groups of higher order visual areas organized retinotopically. 100 Based on the imaging data, authors hypothesized that the cortex integrates visual information through across-area parallel by the serial processing. 100 VSDi has been used for functional mapping of the auditory cortex by many scientists as well. 8 94 101 As well known, one of the main structural principles of the auditory cortex is tonotopical organization, which means that isofrequency patterns appear in the form of elongated areas orthogonal to the rostrocaudal axis. This organization has been confirmed by VSDi. 102 In the guinea pig auditory cortex a ventrocaudal field that has mirror-symmetric tonotopy to that of ventrorostral field was identified. 103 High spatial resolution VSDi has been used to examine the cortical representation of interaural time difference (ITD) in the rat auditory cortex. 2 Available data demonstrated that patterns of neural activity recorded in response to binaural click presentations can encode ITD in the auditory cortex.
2 It was concluded that some neurons in the investigated area receive information from several neural pools, each of which processes separate sound's feature. 2 Topographical representation is a main feature of the sensory cortices of mammals, and the somatosensory cortex is no exception. 104 3 Not only representation of functions but also the spatial properties of the oscillation have been successfully studied in the barrel field by VSDi.
Highly distinct results have been obtained by the combination of VSDi with multichannel recordings in the rat barrel field cortex. Authors demonstrated that singlewhisker stimulation by particular frequency within 10 min induces long-term potentiation (LTP) of the whisker-tobarrel pathway. 105 This activity-dependent modification is age-dependent and may play a critical role in the development of the functional map in the barrel field. 105 The spatiotemporal pattern of spontaneous activity across the auditory cortex was successfully visualized by VSDi in the guinea pig. 106 Authors found that phase coherence in spontaneous activity was highest between regions of core and belt areas that had similar frequency tuning. It was shown that VSDi can reveal spontaneous and stimulus evoked activity across a tonotopically defined cortical areas. 106 VSDI has been employed in studying cortical oscillations, which arise during different cognitive and behavioral acts. VSDi revealed that gamma-Aminobutyric Acid (GABAa) disinhibition with bicuculline can progressively simplify oscillation dynamics in a concentration-dependent manner. The authors of the study concluded that neural synchronization can be increased by both GABA A and GABA B .
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VSDi is used in developmental neurobiology as well. For example, it was shown that somatosensory cortical areas responding to single whisker stimulation were 200 to 300 microns in diameter in young (up to 5 days) rats, while in adult animals the areas activated by the same manner was increased. 108 Also, sensory-evoked propagating waves were observed by VSDi in the sensory cortex. 109 110 This method allows investigating the interactions between evoked waves in rat visual cortex, and the spatiotemporal patterns of depolarization in the neural network due to wave-to-wave interactions. 111 It was hypothesized that the spiral waves are a sequential activation in space and time, and is likely to be carried out in the neural network in the neocortex. 110 111 VSDi methods have been successfully employed not only in sensory neuroscience research but also for the effects of chronic hypoxia. 112 VSDi of the somatosensory cortex showed no significant decrease in neural activity in mice which were housed in a hypoxic chamber for a month. In combination with cerebral blood flow data, this finding showed that hemodynamic response to neural activation could be modified using chronic hypoxia. 112 Within the last couple of decades, VSDi became a popular method, especially for epilepsy research.
1 Accurately locating centers of the epileptic seizures has great importance in advancing antiepileptic therapy. For example, using 4-aminopyridine (4AP) model of the epileptic seizures, synchronization during focal seizures in the rat neocortex was investigated. 113 The VSDi signal was analyzed using the nonlinear dynamics-based technique of stochastic phase synchronization in order to determine the degree of synchronization during the development and spread of seizure events. 113 Results showed increase in neural synchronization during seizure activity. 113 Undoubtedly, future experiments with VSDi in combination with electrophysiological and different imaging techniques 1 will help us understand the complex relationships between neural network, cerebral blood flow and glial cells within epileptic seizure zones.
CONCLUSIONS
Currently, VSDi allows visualization of neural activity in the somatosensory, 3 21 auditory 2 and visual 100 cortices. In addition, VSDi is widely used for recording epileptic seizures. 101 113 Voltage-sensitive dyes do not exhibit cellular selectivity and bind not only to neurons but also to astrocyte membranes and show changes in the membrane potential of glial cells. In vivo, a single pixel of the CCD camera contains the signals from dendrites and axons of many neurons. Physically, the signal of VSDi is linearly related to the stained membrane area. However, most of the photons are emitted from cortical dendrites and nonmyelinated axons but not from the neural bodies. 8 Only application of the threshold approaches provides relatively high-resolution functional maps, with a spatial resolution up to 50 m. 8 In other words, VSDi provides a useful way for both in vivo and in vitro and functional mapping patterns of neuronal activity. 
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